The distribution of mucosa-associated bacteria, bifidobacteria and lactobacilli and closely related lactic acid bacteria, in biopsy samples from the ascending, transverse, and descending parts of the colon from four individuals was investigated by denaturing gradient gel electrophoresis (DGGE). Bifidobacterial genus-specific, Lactobacillus group-specific, and universal bacterial primers were used in a nested PCR approach to amplify a fragment of the 16S rRNA gene. DGGE profiles of the bifidobacterial community were relatively simple, with one or two amplicons detected at most sampling sites in the colon. DGGE profiles obtained with Lactobacillus group-specific primers were complex and varied with host and sampling site in the colon. The overall bacterial community varied with host but not sampling site.
The human colon harbors a highly complex microbiota. Interactions between this microbiota and the host influences the health of the host in many ways (5) . Bifidobacterium spp. and lactic acid bacteria (LAB), especially Lactobacillus spp., are considered normal residents of the gastrointestinal tract (11, 17) . Historically the microbiota of the intestine has been examined by culture-dependent microbiological methods, but microscopic and culture-independent molecular methods have indicated that 60 to 80% of the bacterial population in the human intestine have not been cultured yet, highlighting the need for methods alternative to the traditional cultivationbased methods (6, 8, 16) . Denaturing gradient gel electrophoresis (DGGE) is a culture-independent method based on sequence-specific separation of PCR-derived rRNA gene amplicons, which have proven useful in analysis of the intestinal microbiota (4, 15, 19, 21) . Our present knowledge of the microbiota associated with the human colon is based on analysis of fecal samples, and only a limited number of studies characterizing the microbiota associated with the human colonic mucosa wall have been carried out. In culture-based studies Bacteroides and Fusobacterium spp. have been found to form the predominant bacterial populations on colonic biopsy samples, with bifidobacteria and lactobacilli being detected in various numbers (3, 7, 14) . In a recent study Hold et al. (6) investigated the diversity of mucosa-associated bacteria in the human colon by 16S rRNA gene clone analysis. According to their findings the bacterial community associated with the human colon wall is dominated by bacteria closest related to Bacteroides and Clostridium spp. (6) . Zoetendal et al. (21) investigated the distribution of mucosa-associated bacteria along the colon using DGGE and found that the predominant bacterial community associated with the colon wall was host specific and uniformly distributed along the colon. Furthermore the distribution of Lactobacillus-like bacteria along the colon was investigated. The Lactobacillus-like community was found to be simple, with only one amplicon predominating at all sampling sites. In 7 out of 10 individuals no variation in the Lactobacillus-like community was seen along the colon, whereas minor differences with sampling site were observed in 3 out of 10 individuals (21) . No culture-independent studies investigating the distribution of Bifidobacterium spp. associated with the human colonic mucosa wall have been published so far.
The aim of the present study was to simultaneously study three groups of bacteria adhering to the colon wall by DGGE: Bifidobacterium spp., Lactobacillus spp. and closely related bacteria, and the overall bacterial population.
Biopsy samples were taken from the ascending, transverse, and descending parts of the colons of four individuals (three men aged 36, 41, and 50 years, respectively, and one woman, aged 30 years) who underwent colonoscopy due to previous removal of benign colonic polyps or a family history of polyps. The volunteers considered themselves healthy and did not follow any special dietary routines, and none had recently received any antibiotic treatment. The study was approved by the Ethical Committee of the Municipality of Copenhagen and Frederiksberg (KF 01-388-97) and the Danish Medicines Agency. Evacuation of the colon before the biopsy sampling was induced by two doses of oral laxatives (10 mg of bisacodyl [Nordic Drugs, Limhamm, Sweden] and 45 ml of a liquid combination of K 2 HPO 4 and KH 2 PO 4 orally). After sampling the biopsy samples were transferred to tubes containing 3 ml of isotonic saline and washed in order to remove any fecal debris. This washing step was subsequently repeated twice, making it highly likely that the investigated bacteria were truly associated with the colon wall. Bacterial cells still adhering to the biopsy samples were separated from the samples by transferring the samples to a FastPreb vial (Bio101, Vista, Calif.), adding 1 ml of saline peptone solution (SPS), and then rigorously shaking the samples (45 s, speed 4) in a FastPreb instrument (Bio101). To extract bacterial DNA, 0.8 ml of SPS containing a biopsy sample was centrifuged (14,000 ϫ g, 5 min, 4°C). DNA was extracted from the resulting pellet with a QIAamp DNA stool minikit (Qiagen, Hilden, Germany) by following the manufacturer's instructions (lysis temperature, 95°C). The isolated DNA was subsequently amplified on a Biometra Trio-Thermoblock (Biotron, Göttingen, Germany). PCR was performed by a nested approach modified from that of Boon et al. (2) . Primers Bif164f and Bif662r (15) , specific for Bifidobacterium spp., 7f and Lab677r (4), specific for Lactobacillus spp. and closely related organisms (Lactobacillus, Leuconostoc, Weissella, Pediococcus, and Aerococcus spp., here as a whole termed Lactobacillus-like), and the universal bacterial primers 7f and 1510r (15) were used as first-round primers. In the second PCR round, the obtained fragments were reamplified with universal bacterial primers P338fGC and P518r, amplifying the V3 region of the 16S rRNA gene (2) . Primer sequences and PCR protocols were as stated in the original publications except that an annealing temperature of 60°C was used with primers Bif164f and Bif662r. All primers were purchased from DNA Technologies, Aarhus, Denmark. The final levels of reaction mixture constituents were as follows: 1.25 U of Taq Tris-acetate-EDTA (TAE) buffer were prepared with a Bio-Rad gradient delivery system (model 475) by using solutions containing 40 and 60% denaturant (100% denaturant corresponds to 7 M urea and 40% [vol/vol] formamide). Gels were run at 60°C for 16 h at a constant voltage of 70 V. After electrophoresis gels were stained with SYBR-GOLD (Molecular Probes, Eugene, Oreg.) for 20 min and photographed. DNA fragments from selected bands were excised from the DGGE gels and identified by sequencing basically as described previously (13) with primers P338fGC and P518r (2) and a CEQ 2000 dye terminator cycle sequencing kit (Beckman Coulter, Fullerton, Calif.). Sequences were manually corrected and aligned to 16S rRNA gene sequences obtained from the GenBank database with the BLAST algorithm (1) . Cluster analysis of the DGGE profiles was performed basically as outlined previously (21) with GelCompar, version 4.0 (Applied Maths, Kortrijk, Belgium). Culture-independent results were compared with culture-based isolations. Following separation of the bacterial cells from the biopsy samples as described above 10-fold dilutions were prepared in SPS. From appropriate dilutions 100 l was spread onto MRS agar (Merck, Darmstadt, Germany) and incubated anaerobically at 37°C for 4 days (GasPak system; Microbiology Systems, Cockeysville, Md.). Based on colony morphology and microscopy, assumed Bifidobacterium and Lactobacillus colonies were restreaked onto MRS for purification. Isolates were stored at Ϫ80°C in MRS broth (Merck) containing 20% (vol/vol) glycerol. Isolates of assumed lactobacilli and bifidobacteria were identified by sequencing the V6 to V8 region of the 16S rRNA gene. DNA was extracted from overnight cultures by bead beating, and the DNA was amplified and sequenced with primers 968fGC and 1401r (DNA Technologies) (20) as described above. Pure culture DNA was furthermore amplified with primers P338fGC and 518r (2) and analyzed by DGGE to compare their electrophoretic mobilities to the DGGE profiles of the biopsy samples.
The nested-PCR approach was chosen in order to obtain stronger bands in the denaturing gradient gels. Furthermore the chosen approach allows comparison between DGGE patterns obtained with different specific primers because the same 16S rRNA gene fragment was amplified in the second PCR round. DGGE of rRNA gene amplicons obtained with Bifidobacterium-specific primers revealed that the bifidobacterial community associated with the colonic wall in the four individuals examined here was simple, with zero to two amplicons being detected at each sampling site (Fig. 1) . Some variations in DGGE patterns were observed with host and sampling site (Fig. 1) , but the numbers of samples and observed bands are too small to allow definite conclusions. Due to the simple Bifidobacterium-specific DGGE profiles, no cluster analysis was performed. Bifidobacterium longum and Bifidobacterium bifidum were detected at the same sampling sites by conventional plating methods as well as DGGE (data not shown). Amplicons most closely related to Bifidobacterium adolescentis and Bifidobacterium ruminantium were detected by DGGE but not by conventional plating. Likewise, Matsuki et al. (9) frequently detected B. adolescentis in fecal samples by direct species-and group-specific PCR, but not by conventional plating (Fig. 1) . Nevertheless B. longum was detected in the ascending part of the colon by plating in both individuals (data not shown). This was probably because B. longum was present in numbers below the detection limit of the PCR-DGGE method. All bifidobacterial isolates analyzed by DGGE migrated as expected compared to identified fragments in the DGGE patterns of the biopsy specimens (data not shown). The DGGE patterns representing the Lactobacillus-like community associated with the human colonic mucosa wall were relatively complex, with several amplicons detected at all sampling sites (Fig. 2) . Cluster analysis (Fig. 3) did not reveal any grouping with either host or sampling site, indicating that the Lactobacillus-like community varies with host as well as sampling site in the colon in the four individuals examined here. In agreement with the specificity of the chosen primer all identified bands represented Lactobacillus, Leuconostoc, Weissella, or Aerococcus spp. with the exception of a band detected at all sampling sites in volunteer 1, which was most closely related to Eubacterium biforme (Fig. 2, band 2) . No Pediococcus spp. were detected. The chosen primer set specific for Lactobacillus-like bacteria was developed and evaluated by Heilig et al. (4), who also observed the unintended amplification of E. biforme-like amplicons, but otherwise the primer set was found to be specific for Lactobacillus-like bacteria (4). Amplicons most closely related to the genus Weissella (Fig. 2,  band 7) were detected in all parts of the colon in individual 2. A band most closely related to Leuconostoc citreum (Fig. 2,  band 10 ) was likewise detected in all parts of the colon in volunteers 3 and 4. Various Lactobacillus spp. are generally considered to form the major part of the fecal LAB community (17) . Our results indicate that, as seen from Fig. 2 , LAB other than Lactobacillus might form a significant part of the mucosaassociated LAB, as leuconostocs and not lactobacilli were detected in most samples. Using conventional plating methods a few Lactobacillus spp. (Lactobacillus casei group and Lactobacillus ruminis, data not shown) but no Leuconostoc, Weissella, Pediococcus, or Aerococcus spp. were isolated. This was probably because we aimed specifically at isolating Lactobacillus spp. All isolates migrated as expected when analyzed by DGGE. The L. casei group isolates had a migration pattern different from those of all fragments in the DGGE patterns of the biopsy specimens (data not shown). This was expected as the L. casei group was detected only by the cultivation-based method. The fact that only a few lactobacilli were detected in the cultivation-based part of the study could support our observation from the DGGE profiles that lactobacilli, at least in the volunteers examined here, do not form the major part of the LAB population associated with the human colon wall. As mentioned above, in a previous investigation of the Lactobacillus-like community on human colonic biopsy samples by DGGE it was reported that the DGGE profiles were simple and low in diversity (21) . The DGGE profiles obtained in this study differed from these results, as variations with sampling site as well as host were seen ( Fig. 2 and 3) . Furthermore several amplicons predominated in all samples. The same Lactobacillus-specific primer was used in both studies, but differences in, e.g., DNA extraction methods might explain the dif- ferent observations. Natural variations among the subjects examined, as previously reported on the basis of fecal samples, might be another explanation (18) . DGGE profiles of PCR amplicons derived with universal bacterial primers were complex (Fig. 4) . Cluster analysis revealed that the DGGE patterns were host specific and did not vary with sampling site (data not shown). This is in agreement with previous results (21) . All obtained sequences, except the amplicon closely related to B. bifidum, were less than 97% identical to known sequences (Fig. 4) . This implies that the amplicons represent unknown species.
Some bifidobacteria and LAB are believed to possess probiotic, health-promoting effects. Some authors consider adherence to the colon wall a desirable trait of these probiotic organisms, as this might enhance their potential to colonize the colon (10) . Our finding that the bifidobacterial and Lactobacillus-like microbiota associated with the human colonic mucosa wall vary with host and/or position in the colon raises the question of whether it is at all possible to find a common probiotic organism capable of colonizing all individuals of a given population? Our results do not give a conclusive answer but highlight the need for further characterization of the mucosa-associated bacteria in the human colon.
Nucleotide sequence accession numbers. The sequences determined in this study have been assigned GenBank accession no. AY267911 to AY267947, AY273784, and AY273785. 
